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THE MECHANISMS OF CRACK INITIATION AND CRACK PROPAGATION
IN METAL-INDUCED EMBRITTLEMENT OF METALS. PART II

ABSTRACTV
Meta I-induced embrittlement (MIE) of 4140 steel by indium has been studied

using delayed failure tensile tests. The temperature and stress dependence of the

kinetics of crack initiation and crack propagation in both liquid metal-induced and
solid metal-induced cracking have been examined in the same system for the first
time in MIE. This was done using electrical potential-drop measurements along
the indium-covered portion of the sample gage length to record the start and pro-
gress of cracking, and also through fractographic observations. In Part I of the
report on this work, the experimental results are presented and their implications
with regard to crack propagation are discussed. In Part II, various mechanisms
proposed in the literature for crack initiation are evaluated in the light of the
experimental results and other known characteristics of MIE.
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THE MECHANISMS OF CRACK INITIATION AND CRACK FROPAGATION
IN METAL-INDUCED EMBRITTLEMENT OF METALS

PART II. TIJORETICAL ASPECTS OF CRACK INITIATION

Paul Gordon

In Part I of this report (1), the results of delayed failure tensile tests

in the embrittlement of 4140 steel by indium were given and some implications of
the results described. In brief summary, these were:

(1). In liquid metal embrittlement (LMIE) crack propagation times were

found to be very short - less than the .1 second measurable in our
experiments (crack lengths- 1-2 nam)and probably of the order 10-3

seconds as predicted theoretically (2). This means the embrittler
transport to the crack tip is by bulk liquid flow ((1), (2)).

(2). in solid metal embrittlement (SMIE) crack propagation times were

much longer - 500 to 2000 seconds, and had characteristics indicating

propagation was controlled by the rate of indium self-diffusion to
the crack tip over indium atom layers themselves deposited on the
crack surface by a "waterfall" effect at the advancing indium front.

(3). Crack initiation was thermally activated, and in both LMIE and
SMIE the apparent* activation energy was 155 1 3-1/2 k i ./mole

(37± .8 kcals/mole).
(4). The apparent activation energy for crack initiation was only mildly,

if at all, stress-dependent.
(5). At the indium melting temperature crack initiation in LMIE was 6.5

times faster than in SMIE at the same stress level. This ratio was stress-
independent, though the initiation times decreased with increasing

stress.

In this paper, an evaluation of previous proposals-far the atomic mechanisms
involved in MIE Is made based on these experimental results and the following criteria

&or the literature:

*Apparent because, as will be seen, it is considered actually to be the sum of two
activation energies.

+ Professor, Dept. of Metallurgical and Materials Engineering, Illinois Institute of

Technology.
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(6). Wetting of a base metal by an embrittler lowers the surface energyt

y, of the latter (see, for example, (3), (4), (5), (6)).

(7). Wetting a base metal by a liquid embrittler lowers y more than does

wetting by the same embrittler in the solid state. Experimental data
seems not to be available on this question directly, but interfacial

energy information of the type which is available (see, for example,
Murr (7)) makes the validity of this statement highly probable.

(8). Lowering y lowers the stress needed to cause tensile decohesion

(rittle cleavage fracture) at a crack tip (c.f., (3), (4), (8), (9));

though it also may ease dislocation formation at a crack tip, lowering
y always tends to favor brittle crack extension over crack blunting

by dislocation nucleation (c.f., (10), (11), (12)).

Robertson Dissolution Mechanism

Robertson (13) has proposed (later also Glikman, et al.(14)) that a crack

propagates in LMIE because the highly stressed atoms at its leading edge are
dissolved into, and are carried away by diffusion through, the liquid ebrittler.

In this theory crack initiation and crack propagation are one and the same process;
our work shows that for indium embrittlement of steel this is not true. In addition,

the Robertson theory, if it can account for the existence of SMIE at all, would
predict an abrupt and substantial change in temperature dependence of crack

initiation at the embrittler melting point, since its main temperature dependence
derives from the activation energy for the diffusion of the base metal atoms in

the embrIttler; this diffusion activation energy would change sharply at the embrittler

melting temperature. This we have shown not to be true for inalum embrittlement

of steel (item (3) above). We conclude that the dissolution mechanism is not valid

at least for MIE in the indlum-4140 steel system, and possibly also mom generally.
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Lynch Ductile-Failure Mechanism (15)
In this model it is suggested that the role of the embrittler is to so alter the

surface layer atomic structure of the base metal as to considerably lower the

norma Ily high stress necessary to generate and move dislocations at a crack tip,

thus allowing fracture by microvoid coalescence and slip with very limited plastic

flow. Though this is certainly a viable possibility in a general sense, by itself it

seems to offer no reasonable mechanism for delayed crack initiation - the alteration

of the structure in the one or two atom layers composing the surface should be

virtually instantaneous if it is caused by embrittler atom adsorption as suggested.

Though the question of whether delayed failure is the rule in MIE systems has not

yet been conclusively settled, the evidence in the literature is preponderately in

the affirmative. The systems in which at least some measurement of delayed failure

(though not its temperature dependence) has been attempted are listed in Table 1.

Two general types of behavior have been found. In the first-designated Type A

inTable I -delayed failure is observed. In the second-designated Type B in

Table 1 - there appears to be in each case a stress above which failure takes place

virtually instantaneously" but below which failure does not take place at all. Of

the 22 embrittlement couples reported in Table 1, five show Type B behavior, all in

LMIE. It should be recognized that, in these five, "virtually instantaneously" means

a time below the lower limit of 1-2 seconds which was measurable. The study by

Zych (21) (see also Gordon (2)), however, established that for liquid Hg on 2024

aluminum even in the stress range where total failure times were 10 1 to 10 3

seconds a substantial fraction of this time was spent in crack initiation. Thus, it

seems likely that all of the Type B couples listed in Table I actually involve very

rapid delayed failure and, therefore, thermal activation. A satisfactory explana-

tion for the existence of these two types of behavior has not to now been offered,

particularly in the case of LMIE where the delay cannot be attributed to embrittle-

ment transport time; a simple rationalization will be suggested later in the present

discussion.

iThs, the Lynch propoal that MI cracking is really ductile rather than

brittle cannot in itself account for important aspects of MIE.
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Table 1.
Delayed Failure in MIE Systems

Type A Behavior -Delayed Type B Behavior -Delayed
Failure Observed Failure Not Observed

Baemt Embrittler Baemt Entrittler

Liquid Solid Ref. Liquid Solid Ref.

4130Ostee, LiU 4 Zn Hg 19
4340 stee I Cd Cd 16 Cd Hg 19
4140 steelI I n I n I Cd Hg+ln 20
4140 steelI Cd 17 Ag Hg+In 20

4140 stee I Pb 17 Al Hg 20

4140 steelI S n 17 ______ _______

4140 stel In 17
4140 steelI Zn 17
4140steel In In 18

Zn (monctah) Hg 19
2024A I Hg 21
2024 AlI Hg-3% Zn 4

7075A I Hg-3% Zn 4

5083 A[ H9-3% Zn 4
AI-4% Cu Hg-3% Zn 4

Cu-2% Be Hg 5
Cu-2%Be Hg 6
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SJWK Tensi le-Decohesion Mechanism

Crack formation in MIE by brittle tensile decohesion at a crack tip as
proposed by Stoloff and Johnston (3) and Westwood and Kamdor (22) (refewed to

hence as the SJWK theory) again seems to be a reasonable possibility in a general

sense - lowering of y by the embrittler is expected both to lower the stress frsuch

fracture and to favor crack extension over crack blunting (criterion 8 above).

However, such a mechanism, though it may be involved, does not appear to have

the appropriate thermal activation characteristics to be the rate controlling mech-

anism in crack initiation. To show this, we may start with the Griffith (8) equation

for the change, a W, in total energy of an elastic, infinitely wide, plate under
tensile stress a when a crack of elliptical cross section with major axis 2a is intro-

duced into the plate (the crack front is in the plate thickness direction). Per unit

length of crack front, this is
2 2

W - , a + 4ya (1)E

where E is Young's modulus. Fracture mechanics has demonstrated that an equation

of the same form is (approximately) valid for samples in which there is some limited

plastic flow in a zone at the crack front and which also have more general crack

and sample geometries. The quantity K = Y o Va called the stress intensity at

the crack front, is delineated, where Y is a numerical constant determined by the

specific geometies of the loading system, the sample, and the crack (and is equal

to V[7 in the special case of equation (1)). In addition, the SJWK theory shows

that when a plastic zone is present y in equation (1) should include the work of
plastic flow, and this can be done by replacing y with yeffi where

-eff = a (2)
a0

p is the tip radius of the blunted crack, and a is the base metal lattice parameter.

Considering now that the crack is at the sample surface (depth = one-half the major

axis, 2a), thenequatlon (1) becomes

AW = - + 2 yeff 1(3)
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The crack can now grow umtably due to the applied stress alone only if
the depth, j is greater than a critical value, a*, given by maximizing A W with
respect to a (at constant a', y and E). The critical value, a*, and the cores-
ponding critical energy, AW*, so obtained are

* E eff(

and A = E)2 ff

If it is assumed that incipient cracks of maximum depth a = am < a* pre-exist in
a sample (due to topological discontinuities which, on an atomic scale, must exist
at the surface of a sample, especially at surface-grain boundary intersections),
then at constant stress such a crack could be postulated to extend to a depth just
beyond a* by thermal activation. The thermal activation energy in this case would
be 2

E y.ff y2_____a2

AWUa = AW*- &Wam =  + E - 2 Yeffam (6)

In principle, then, equations (2) through (6) may account for thermal activa-
tion in the SJWK mechanism for crack initiation. It may be seen, however, that
according to equation (6), the activation energy will be expected to vary strongly
with both y and a whereas this was found not to be true for indium embrittlement
of 4140 steel (item (4) above). The dependency of U on y and a, from equation (6)
may be found to be

dU = 2( -A

where y2 o.2 a am

E.. . ................. ...........
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and
(dU) -2 'AL4)~.L 9

With respect frst to the variation of U with y, from equations (7) and (8) it
follows that:

(a). the smallest possible value of ( corresponds to am = 0, for which

d U 2 " ; (10)
'U_ Y

(b). designating the energy of the liquid indium-solid steel interface yLS
and that of the solid indium-solid steel interface ySS, and integrating equation
(10) across the indium melting point, we have

USMJE =(YSS) 2

LMIE YLS

Though there is no experimental data for either ySS or yLS in the case of indium
on steel, we miay estimate the order of magnitude of their ratio by noting that in
those few metal systems where such data are available (c.f. ref. (7) ) the energy
of the solid-solid interface is several times that of the liquid-solid interface. It
seems reasonable to assume this is also true for indium on steel. If the ratio in
this case were only 2 - probably an underestimate - from equation (11), the activa-
tion energy for crack initiation in SMIE of 4140 steel by indium would, according
to the SJWK mechanism, be expected to be four times that in LMIE. This is clearly
far larger than our experimental finding of a difference between USMIE and ULMIE
of less than the experimental error (L 2% on the basis of reproducibility, ± 12% on
the basis of the variance in regression analysis for one standarl.deviation)*.

(c). If am is greater than 0, as is likely, the value of MIE from equation
(11) increases and the argument above is even stronger, though fe-oreasonb 6 values
of the quantities in A, its magnitude is small relative to y.

*It is true that equilibrium may not prevail at the indium-steel interfac, and that
this may lower ySS/7,j. However, the validity of the SJWK theory itself demands
a state of near-equiliium at the interface to produce the lowering of y and its
accompanying embrittlement, so that we may for the purposes of testing the theory
ao assume near-equilibrium.

____ ___ ___ ____ ___
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Essentially the same deduction may be made on the basis of the dependency

of U on a, though here our evidence is not conclusive because the range of a over

which we determined U for indium embrittlement of 4140 steel was too small. Ex-
perimentally it was found that U in SMIE for a = 1158 and 1226 MPa (168 and 178

ksi) was the same within experimental error. From equation (9) the smallest change

in U predicted by the SJWK theory is, taking am =0,

d(U = - 2 c (12)

or

U115 8  )1226 12U1226 =1226 =1.12

U1158

Since a may well have been finite, 115 is predicted to be somewhat larger

than 1.12. This difference is close to our experimental error but we feel we might
well have been able to detect such a change if it had existed.

From these arguments on the variation of U with y and or it seems unlikely
that tesi le decohesion at the tip of a sharp crack, as predicted by the SJWK theory,

can be the rate-controlling process in the initiation of MIE cracks, especially in

the case of indium on 4140 steel.

Krishtai Mechanism

In 1970 M. A. Krishtal (23) proposed that in order for an embrittler to produce

LMIE, the embrittler atoms must first diffuse into grain boundaries in the base metal

to some critical depth (tens of atom diameters) and concentration. He also proposed

that the energy gained by the lowering of the base metal surface energy was some-
how converted into dislocations which aided the diffusion penetration, that the

strains resulting from the embrittler atoms' presence produced more dislocatior,

and the sum total effect embrittled the boundaries to the point of nucleating a

crack. Little attention has been given Krishtal's ideas and Krishtal himself made
no attempt to test these ideas by considering them in the light of the known cha-

racteristics of LMIE. We, however, have done just that with regard to his basic

II I I 'I' IrTTN I iiii llll llln .
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suggestion of embrittler grain boundary diffusion penetration, and have found it

mak. possible an easy qualitative rationalization of virtually all the known

LMIE and SMIE characteristics. We therefore have borrowed this idea, extended
it somewhat, and present it below as a mechanism for MIE which should be reckoned

with. We do not, however, profess to judge the validity of the remaining aspects

of his ideas with respect to dislocation motion and production; these may or may
not be involved -our data does not allow a test of this.

'opowed Mechanism

The concept proposed here is that the actual crack nucleation event is not
the rate-controlling step in crack initiation but rather that during an incubation
period there is a preparation process which is rate-controlling. During this period
embrittler atoms penetrate by stress-aided (and possibly dislocation-aided) diffusion

a short distance into base metal grain boundaries (or, in single crystals, other rapid
diffusion paths). In the penetration zones the presence of the embrittler atoms
lowers the crack resistance and increases the difficulty of slip. When a sufficient

concentration of embrittler atoms has been built up to some critical depth (tens of

atom diameters, according to Krishtal (23)) in one of the penetration zones, crack
nucleation takes place, probably at the head of already-existing dislocation pile-
ups where the stress has become supercritica I for the lowered crack resistance.

The embrittler atom penetration process consists of two steps, namely:

(1). The change of the embrittler atoms from the adsorbed to the dissolved

(in the surface) state;
(2). Subsequent diffusion penetration along preferred paths - usually

grain boundaries.
The rates of both these steps am accelerated by increased stress. The probability

of an embrittler atom finding its way into a grain boundary is equal to the product
of the probabilities of the two steps; the corresponding nucleation time, tn, will

be inverse to this, so that

tn exp (-W exp -- (13)
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where a G. and a Gd are the activtiofe energies for step (1) and (2), res-
pectively. Our model and our data do not at this point indicate what the atomic

details of the nucleation process itself are, but apparently once the crack has

formed, it grows extreme ly rapidly (see Part I of this report) either (a) up to (and

beyond) the time we have defined as the initiation time, ti, at which time it becomes
detectable by our potential drop measurements, or (b) until the crack is deep enough
so that the time for transport of the embrittler atoms along the crack surfaces from
source to crack tip becomes longer than the time for the continued penetration
process, at which point the transport process becomes rate-controlling. The rela-
tionship of t, to the crack growth history is illustrated schematically in the upper
diagram of Figure I for SMIE and the lower diagram for LMIE. In SMIE there is
a sharp change in slope of the crack growth curve between .9 ti and t; we know
this from the observed slope of the potential drop curve at t. and the fact that no
crack is seen on intermupted delayed failure sample surfaces at 9 t. at 150 magni-
fications (see Part I (1)). We interpret this to mean that at some point between
.9 t i and ti the time for embrittler atom transport to the crack tip (line ac in
Figure 1) has become longer than that for the crack initiation process (line df)
and the former takes over rate control from the latter. In LMIE (lower diagram
in Figure 1) the embrittler transport time is so short that the crack initiation process
may be rate-controlling throughout. Though we do not know what the crack growth
curve looks like at times earlier than .9 ti , we have made the assumption that what-
ever its shape it is constant from sample to sample; thus, we have taken t, as a
measure of the initiation process kinetics.

On the basis of this concept, the way in which the crack initiation time, tit

may be expected to vary with stress and temperature may be deduced from the sche-
matic diagram in Figure 2. This diagram represents the effect of temperature and
stress on the total time to produce penetration zones during the crack initiation
stage. Each of the curved lines indicates the effect of stress on this time at a given
temperature, T, whom T9 > T8 > -- T1 . Superimposed on the diagram is a dotted
line marked threshold stress, ath, which gives ath versus temperature (not a function
of time). ath is the stress below which no MIE failure takes place. (We have no
good explanation for the generally observed experimental fact that such a stress

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
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exists; in our work it was found to be just above the proportional limit of the 4140

steel, suggesting the threshold inthiscase may be associated with the movement of

dislocations. If this is so, its magnitude may well decrease with increasing tem-
perature as shown in Figure 2. There is some experimental support for a negative

temperature dependence of ath in the unpublished Ph. D. thesis work of Lynn (17)).

The diagram in Figure 2 is drawn for a given value of y, the interfacial energy of
the base metal as affected by the embrittler. Lower y, for example, would lower

the penetration time isotherms through the effect of y on a Gs .

The prediction of initiation times from Figure 2 may be illustrated as follows:

Consider a set of delayed failure tests in which the or vs. t curve during loading is

as shown in Ftgure 2. If a sample preheated to any selected temperature above T8

is loaded, crack initiation will take place "instantaneously" upon reaching the

threshold stress level, wth' for that temperature. This is because at the loading

rate shown the time to reach the 0.th for these temperatures is equal to, or greater

than, the time to develop the penetration zones at grain boundaries*. As a result,

in LMIE there will be immediate failure -as for type B couples in Table I -since
LMIE crack propagation rates are extremely high; in SMIE, there will be delayed

failure, with the failure time equal to the time during the embrittler transport-

controlled stage of crack growth. For a sample preheated to a temperature below

T8 , say T4 , upon continuous loading "instantaneous" crack initiation would take

place at the stress level, marked 0'14 in Figure 2, for which the loading time equals
the penetration zone formation time at T4 , i.e., where the a' versus t line meets

the T4 isothermal line. This stress is well above orth for T4 , the stress below which

no failure will take place at T4 . If a sample preheated to T4 is tested at any fixed
a level between ai 4 and oth ' such as, for example, a.1 in Figure 2, delayed crack

initiation will occur. The initiation time will be equal to t1 - t whom to, is

the time to load to a, and tI is the time to form penetration zones at T4 and Itress
level a,. If the strss level at which the sample is tested increases, or if the test

temperature increases, the initiation time decreases. The shaded area in Figure 2

is the region within which delayed failure takes place at T4 . The delayed failure

time for tests at temperatures below T8 and stresses between crth and ar1 would be
the sum of the crack initiation times given by Figure 2 and the transport controlled

growth time.

*For simplicity, the fact that the sam le is not at a. during the entire loading time
is Ignored In the ue of Figure 2. TI: qualitative alidity of the reasoning is not
affected.



-12-

The proposed concept far crack initiation can readily account qualitatively

for all the MIE phenomenological characteristics reported in the literature and in

our present study (with the exception of the threshold stress, as noted above).
These are each discussed briefly below:

1). Delayed failure. In LMIE delayed failure is due to delayed crack
initiation while penetration zones develop. In SMIE, delayed failure

additionally can occur even with "instantaneous" crack initiation

because of the time for slow embrittler transport along the crack
surfaces by embrittler surface self-diffusion.

2). The apparent activation energy found for crack initiation (InV4140

steel) - 155 kjoules/mol (37 kcals/mol) - is consistent with semi-

quantitative estimates which can be made for the proposed mechanism.

Equation (13) can be rewritten

ASs+ASd A H +AHd
tn - GxP (" ) I RT )

where ASs , A Sd , A Hs and A Hd are the activation entropies and entho Ipies

for fhe solution and diffusion steps in crack initiation. From our maswred

activation energy, then

AH + A Hd 155 kVmol (37 kcals/mol)

The activation energy for self-diffusion in the grain boundaries of BCC

iron can be estimated from Gjostein's (27) equation A Hd -84 Tmp

joules per mole, giving 151 kVmol (36.2 kcals/mol). The corresponding

activation energy for stress-aided diffusion of indium in 4140 steel
might well be somewhat below this, so that the experimental va lue

of 155 kVmo for AHs + AHd is quite reasonable.
3). The ccurrence of Type B behavior (Table 1). This occurs only in

LMIE, when the test temperature is high enough so that the pern-
tration zone development time is shorter than the time to load the

sample.
4). Specificity - the fact that the severity of embrttlement depends

on the nature of the embrittler and the base metal. The lowering

of y Is specific, for reasons which our mode I does not addre (see,



i -13-

for example, (9)). However, the lowering of y, in addition to

pcosible effects of the type discussed by (9) lowers A G. and in
turn, therefore, the crack initiation time. It also could affect

A Gd if dislocation production as proposed by Krishtal is involved.
5). The relatively mild dependence of the activation energy for crack

intiation on y. y affects only A GS, and only through the change

of the surface layer structure of the base metal. This effect is un-
doubted ly not as drastic as the effect ywould have oncrack formation if
brittle tensile decohesion were rate-determining. Our experimental

finding was that the initiation activation energy was little, if at all,

changed as between LMIE and SMIE. It should be noted that this is

consistent with the finding of a ratio of 6.5 for SMIE/LMIE crack
initiation times at the indium melting temperature. This ratio must,

in our model, be due to a difference in A Gs as between SMIE and
LMIE. If it is assumed that the ratio of 6.5 is entirely due to the

A H. term in the free energy, then, according to equation (13),

8 AHs
Ratio Z 6.5 = exp

where 6 AHs =(AH - This gives 8A Hs - 6.7
s SMIE -A HLMIE)s.67

kioules/mol (1.6 kcals/mol), which is within our experimental e
Further, there may be a a ASS, which would make the necessary
6A H. even smaller.

6). Occurrence of transition temperature. In continuous loading tensile
tests it is found that ME does not set in unless the test temperature is
sufficiently high - that is, a ducti le-to-brttle transition temperature
exists (see, for example, (24)). Also at higher test temperatures
a brittle-to-ductile transition takes place (24). In our proposed
model the occurrence of MIE depends on the development of high con-
centrations of embrittler atoms at grain boundaries (or other rapid
diffusion paths); as the testing temperature is raised the rates of
solution and of grain boundary diffusion first become sufficient at

the ductile-to-brittle transition temperature. At higher temperatures

volume diffusion from the boundaries into the adjacent gains becomes
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effective, tending to reduce the grain boundary concentrations;
also as the temperature increases the equilibrium Gibbs adsorption
ratio of solute concentration in the boundary to solute concentration
in the grains approaches unity# again tending to eliminate the grain
boundary concentrations. These latter two effects produce the high

temperature brittle-to-ductile transition.
7). Strain rate effects. In continuous loading tensile tests, it is found

that increasing the strain rate raises the brittle-to-ductile transition
temperature (24). At the higher strain rates, higher temperatures are
required to provide sufficient volume diffusion to dissipate the grain
boundary penetration zones.

8). Solute effects. Solutes in either the embrittler or the base metal are
frequently found to increase the severity of embrittlement (25) - in
our proposed model a solute can increase both the rte of solution and
the rate of diffusion of thei embrittler in the base metal, or actually
become an even more effective embrittler itself with its own solution
and diffusion rates.

9). Grain size effects. Decreasing grain size is found to lower theseverity
of MIE. Lower grain size means lower stres concentrations at dislocation
pile-ups at grain boundaries, and therefore a greater amount of embrittler

penetration is required to accomplish the greater lowering of crack

resistance needed.
10). Effects of cold work. It has been found that cold work decreases

susceptibility to MIE (26). Increasing cold work would increase
dislocation density in the base metal grains, providing many more

"pipes" to dissipate embrittler concentrations at grain boundaries,
this lowering MIE susceptibility.

Concluding Remarks
It is clear that much more data is needed for definitive check o the proposed

mechanism -data of the type we obtaird on crack initiation and propagation in
other enrlttlement couples, and over wider stress ranges in both LMIE and SMIE.
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In addition, data is needed on the solubilities, diffusion rates, and interfacial

energies involved. With such infatmation the poposed mechanism could be
tested quantitatively. In the meantime, serious comideration of the proposed

concepts and some possible revision of the mae generally accepted ideas on
MIE would seem warranted.

I

I
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